LRP4 third β-propeller domain mutations cause novel congenital myasthenia by compromising agrin-mediated musk signaling in a position-specific manner ABSTRACT Congenital myasthenic syndromes (CMS) are heterogeneous disorders in which the safety margin of neuromuscular transmission is compromised by one or more specific mechanisms.
EP development is triggered by the binding of agrin released from the nerve terminal to LRP4, a transmembrane protein of the postsynaptic membrane (2, 3) . LRP4 bound to agrin forms a ternary complex with the postsynaptic transmembrane muscle-specific receptor tyrosine kinase (MuSK). In this complex, the 3rd β-propeller domain of LRP4 is important for association with MuSK (4), although the interacting conformations remain unresolved.
Binding of LRP4 to MuSK triggers phosphorylation and activation of the MuSK intracellular kinase domain. Activated MuSK in concert with Dok-7 stimulates rapsyn to concentrate and anchor AChR in the postsynaptic membrane and to interact with other proteins implicated in the assembly and maintenance of the NMJ (5) . LRP4 was recently reported to provide a retrograde signal for presynaptic differentiation at neuromuscular junction (6, 7) . In addition, autoantibodies directed against LRP4 were recently recognized to cause a form of autoimmune myasthenia gravis (8) (9) (10) .
In addition to its specific role at the NMJ, LRP4 is also a well-characterized inhibitor of the Wnt signaling pathway. LRP4 signaling is involved in skeleton formation and kidney development. Mutations in LRP4 have been reported in Cenani-Lenz syndactyly syndrome (CLSS) (11) , sclerosteosis-2 (12) , and low bone mineral density in human (13) and mice (14) .
Similarly, Lrp4 mutations cause mule foot disease in cow (15) and kidney and limb defects in mouse (16) . In addition, a missense SNP rs2306029 in LRP4 is associated with 4.17-fold increase in the risk of developing Richter syndrome (17) . To date, no report has implicated LRP4 as a CMS disease gene.
Using Sanger and exome capture resequencing, we identified two heteroallelic missense variants in LRP4, p.Glu1233Lys (c.3697G>A) and p.Arg1277His (c.3830G>A).
Both variants are located at the edge of the 3rd -propeller domain of LRP4. We show that by guest on November 7, 2016 http://hmg.oxfordjournals.org/ Downloaded from 4 each variant impairs binding ability of LRP4 for both agrin and MuSK as well as subsequent agrin-mediated phosphorylation and activation of MuSK, but neither mutation affects the Wnt-signaling pathway. Finally, by analysis of mutations in other diseases and by examining effects of artificially engineered mutations into the 3rd LRP4 β-propeller domain, we show the edge of this domain mediates the MuSK signaling whereas its central cavity mediates the Wnt signaling.
RESULTS

Clinical data
The patient was born after 42 weeks of gestation with fetal distress and with Apgar scores of 3 and 6 at 1 and 5 minutes, respectively. Immediately after birth she had a respiratory arrest and required hospitalization for feeding and respiratory support until the age of 6 months. She started to walk at 18 months but could only walk short distances. During childhood she fatigued abnormally, could not climb step, and was partially wheelchair-dependent.
Examination at the Mayo Clinic at ages 9 and 14 years revealed mild eyelid ptosis, slight limitation of lateral eye movements, moderately severe proximal greater than distal muscle weakness, and hypoactive tendon reflexes. Repetitive nerve stimulation of the spinal accessory nerve showed a 13-16% decrement of the fourth compared to the first compound muscle action potential evoked from the trapezius, biceps, and rectus femoris muscles with no significant decrement in the anterior tibial muscle. The decremental responses were transiently improved by edrophonium chloride, a fast acting cholinergic agonist. However, therapy for a few days with pyridostigmine at age 12 markedly worsened the patient's weakness. There was no history of similarly affected family members.
Endplate (EP) Studies
An intercostal muscle specimen was obtained from the patient at age 17 years. Routine histologic examination revealed type 1 fiber preponderance. Synaptic contacts, examined in face-on views of glutaraldehyde-fixed AChE-reacted teased muscle fibers revealed multiple irregularly arrayed synaptic contacts that varied in shape and size ( Fig. 1 ). None of the EPs had a normal pretzel shape. Electron microscopy examination of 54 EP regions of 29 EPs showed that the structural integrity of the nerve terminals and postsynaptic regions was preserved but quantitative analysis revealed that the size of the nerve terminals was reduced to 60%, and that of the postsynaptic region to 48%, of the corresponding control value (Table   1) . The MEPP amplitude and the number of quanta released by nerve impulse fell in the normal range, and patch-clamp recordings from10 EPs revealed normal kinetics of the AChR channel (data not shown).
Sanger and Exome-Capture Resequencing Analysis
We analyzed the patient DNA using the exome-capture resequencing analysis. The father was heterozygous for p.Glu1233Lys. A half brother carried no mutation. No DNA was available from the mother. According to the PolyPhen-2 (18), SIFT (19) , and Mutation Taster (20) algorithms, the predicted consequences of the EK mutation were "benign", "tolerated", and "disease-causing with p > 0.99999", respectively. Those of the RH mutation were "probably damaging", "affect protein function", and "disease-causing with p > by guest on November 7, 2016 http://hmg.oxfordjournals.org/ Downloaded from 0.99999", respectively. LRP4 is a transmembrane protein with large extracellular domains ( Fig. 2A ). These mutations were in the 3rd low-density lipoprotein receptor (LDLR) type B repeat, known as -propeller-like structure. The EK and RH mutations are downstream of the 4th and 5th YWTD motifs, respectively (Fig. 2B ). The YWTD motifs are predicted to form the second  sheet below the surface  sheet of each blade of the 3rd -propeller domain and the mutations are at the linker between the surface  sheet and the second  sheet.
The EK and RH Mutations in LRP4 Impair the MuSK Signaling Pathway
During the NMJ formation, binding of agrin to LRP4 induces phosphorylation and activation of MuSK, which activates ATF2 downstream of JNK and induces clustering of AChR. To study effects of the mutations in this signaling pathway, we used a JNK-responsive ATF2luciferase (ATF2-luc) reporter (21) , which specifically monitors MuSK-dependent stimulation in transfected HEK293 cells. Overexpression of LRP4 and MuSK activated the ATF2-luc reporter in the absence of agrin, as previously reported (22) . The EK mutant minimally and the RH mutant moderately impaired LRP4-induced activation of ATF2-luc ( Fig. 3A ). Addition of agrin to the medium markedly enhanced the ATF2-luc activity for the wild-type LRP4, whereas both mutants completely abolished responsiveness to agrin ( Fig.   3A ).
We also examined effects of the mutations on MuSK phosphorylation that occurs immediately after formation of the agrin/LRP4/MuSK complex. Consistent with its effects on the signaling activity, agrin enhanced MuSK phosphorylation in presence of wild-type LRP4 but not in presence of mutant LRP4 in HEK293 cells ( Fig. 3B ) and in Lrp4-downregulated C2C12 myoblasts ( Fig. 4B) . Similarly, wild-type LRP4, but not EK and RH mutants, rescued AChR clustering in Lrp4-downregulated C2C12 myotubes ( Fig. 4C ). These results support the notion that the EK and RH mutations compromise agrin-mediated activation of MuSK and AChR clustering.
LRP4 has also been known as an extracellular antagonist for Wnt signaling. Wnt signaling is involved in tissue development including limb, bone, and kidney. Indeed, previously reported mutations of LRP4 in human, mouse, and cow exhibit structural abnormalities in limb, bone, and/or kidney. We thus examined the effects of our LRP4 mutations on Wnt signaling pathway using the TOPFLASH reporter. Wild-type LRP4 suppressed the Wnt3a-mediated TOPFLASH activity, and the EK and RH mutations retained similar suppressive effects ( Fig. 3C ). Lack of limb, bone, and kidney symptoms in our patient 7 can be attributed to EK and RH only affecting agrin-induced activation of MuSK but having no effect on Wnt signaling.
LRP4 directly binds to agrin and MuSK through its extracellular domain. To test the effects of the LRP4 mutations on binding to MuSK and agrin, we performed cell surfacebinding assays. We first confirmed that the EK and RH mutants had no effect on LRP4 expressions in cell body and cell membrane in COS7 cells ( Supplementary Material, Fig. S1 ).
MuSKect-mycAP ( Fig. 5A ) and agrin-mycAP ( Fig. 5B ) bound efficiently to wild-type LRP4 expressed on the surface of COS7 cells. The RH and EK mutants compromised binding of both MuSKect-mycAP and agrin-mycAP ( Fig. 5A, 5B ). We also analyzed direct binding of LRP4ecd-Flag to purified MuSKect-mycAP ( Fig. 5C ) and agrin-mycAP ( Fig. 5D ) by in vitro plate-binding assays ( Fig. 5E and 5F ). We found that the mutations decreased binding affinities of LRP4 for agrin-mycAP ( Fig. 5E ) and MuSKect-mycAP ( Fig. 5F ). The RH mutant compromised binding of agrin and MuSK more than the EK mutant in the cell surface binding assay but not in the in vitro plate-binding assay, which may be accounted for by some other molecules expressed on the cell surface, beneath the cell membrane, or secreted from the cells.
Mutations in LRP4 Causing Sclerosteosis-2 Have No Effect on MuSK Signaling
In contrast to our EK and RH mutations in the 3rd -propeller domain, p.Arg1170Trp (abbreviated as RW) and p.Trp1186Ser (WS) mutations identified in a patient with sclerosteosis-2 impair Wnt-suppressing activity of LRP4 (12) . We first confirmed that wildtype LRP4 and the two mutants are similarly expressed on the plasma membrane in HEK293 cells ( Consistent with the previous report (12) , the RW and WS mutations abrogated the Wntsuppressing activity of LRP4 ( Fig. 6C ) but had no effect on agrin-induced MuSK signaling ( Fig. 6B ). Cell surface binding assay also confirmed that the two mutants retained their ability to bind to agrin and MuSK ( Fig. 6D ).
As the four mutations affecting MuSK or Wnt signaling were all in the 3rd - Supplementary Movie S1). In this model, the EK and RH mutations, which only affect agrin/LRP4/MuSK signaling, are located on edge of the 5th and 6th blades, respectively ( Fig.   7B and Supplementary Movie S1). In contrast, the RW and WS mutations, which only affect Wnt signaling, are located in a central cavity of the propeller ( Fig. 7C and Supplementary Movie S1).
Artificially Engineered Lrp4 Mutations at the Edge of the 3rd -Propeller Domain
Affect MuSK Signaling and Those in the Central Cavity Affect Wnt Signaling
To further confirm that the edge of the 3rd β-propeller domain mediates MuSK signaling and that the central cavity mediates Wnt signaling, we introduced four other artificial mutations based on structural modeling of the 3rd -propeller domain ( Fig. 7A and Supplementary Movie S1). As RH and EK mutations affected two exposed amino acids on the 2nd  sheet, we introduced an alanine into two neighboring amino acids to make IA and VA mutations ( Fig. 7B and Supplementary Movie S1). Similarly, as WS and RW mutations were facing the central cavity of the 3rd β-propeller domain, we introduced an alanine into the corresponding amino acids in the other blades to make YA and NA mutations ( Fig. 7C and Supplementary Movie S1). We then examined the effects of each mutation on MuSK and Wnt signaling. As expected, the VA and IA mutations at the edge of the 3rd -propeller domain affected MuSK signaling ( Fig. 8A ), but not Wnt signaling (Fig. 8B) . In contrast, the NA and YA mutations in the central cavity normally activated MuSK signaling ( Fig. 8A ), but lost Wnt-suppressive activity ( Fig. 8B) . Similarly, the cell surface binding assay showed that the VA and IA mutations reduced binding of agrin and MuSK (Figs. 8C and 8D). Thus, the artificial mutations further underscore the differential signaling roles of the edge and the central cavity of the 3rd -propeller domain.
DISCUSSION
LRP4 Mutations Cause a Novel CMS
Because mutations in AGRN (23) and MUSK (24) have been known to cause CMS and because LRP4 was shown to be a coreceptor for agrin that mediates activation of MuSK ( Fig.   7D ) (2, 3) . LRP4 has been a candidate gene for a CMS for a number of years. In this communication we show that mutations in LRP4 cause a CMS and that the identified mutations affect MuSK signaling by compromising binding of LRP4 to both agrin and MuSK.
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Our data predict that the identified LRP4 mutations interfere with agrin-LRP4-MusK signaling and thereby hinder concentration of AChR on the junctional folds as well as normal development and maintenance of the entire junction. Our EP studies show that the synaptic contacts are dysplastic ( Fig. 1 ) and that the nerve terminal and postsynaptic areas at the EP regions are hypoplastic ( Table 1) , but the AChR content of EPs and the synaptic response to ACh are not appreciably reduced. Because the patient has a myasthenic disorders by clinical and EMG criteria, we attribute sparing of the intercostal muscles to different expressivity of the genetic defect in different muscles. Sparing of selected muscles can occur in both autoimmune and congenital myasthenias and is indicated by absence of muscle weakness or a decremental EMG response from some muscles in either disorder. For example, in MuSK antibody-positive myasthenia, EPs in intercostal and biceps brachii muscles have a normal AChR content, generate normal MEPP amplitudes, and have well preserved junctional folds (25, 26) . Analysis of Musk and Lrp4 expressions in mouse muscles by quantitative RT-PCR revealed that expressions of Musk in omohyoid and trapezius muscles were less than those in the other muscles ( Supplementary Material, Fig. S2 ). The least expression of Musk in mouse omohyoid has been recently reported (27) . In contrast, Musk expression in intercostal muscle was ~3 time more compared to omohyoid. Although human specimens were not available for our studies, high and low MuSK expressions in intercostal and trapezius muscles may partly account for spared and impaired NMJ signal transmissions in intercostal and trapezius muscles, respectively, in our patient with LRP4 mutations.
Position-Specific Disease Phenotypes of LRP4 Mutations
The extracellular domain of LRP4 is known to bind to several proteins: agrin (2, 3); MuSK (4); Wnt ligands (28); dkk1 (29), a Wnt-inhibitor (30, 31) ; sclerostin (29) , another Wntinhibitor (30, 31) ; and possibly apoE (32) . Specific binding domains of LRP4 have been dissected: agrin binds to the LDLa repeats 6-8, EGF-like domains, and the 1st -propeller domain ( Fig. 7B and Supplementary Movie S1) (4, 33); MuSK binds to the 4th/5th LDLa repeats and the 3rd -propeller domain (4); sclerostin binds to the 3rd -propeller domain (12) ; and apoE binds to LDLa (32) . As for Wnt ligands, the precise molecular mechanisms how LRP4 suppresses Wnt signaling remain elusive, although the Wnt-suppressive effect of LRP4 is well established (34) .
The diverse array of binding partners enables LRP4 to play an essential role in multiple biological processes including limb and kidney morphogenesis (16, 29) ; bone 10 development through cell fate decision and migration (34) ; and synaptogenesis (6, 32) . The multiple phenotypes caused by mutations in the 3rd -propeller domain prompted us to scrutinize different regions of this domain, and we found that the edge mediates MuSK signaling and the central cavity mediates Wnt signaling. That a single missense mutation in the 3rd -propeller domain compromises LRP4 binding to MuSK supports a previous observation that MuSK is bound to the 3rd -propeller domain of LRP4 ( Fig. 7B and Supplementary Movie S1) (4). In contrast, reduced binding of our LRP4 mutants to agrin was unexpected because agrin binds to the EGF-like domain, LDLa repeats 6-8, and the first propeller domain (4, 33) . The 2nd and 3rd -propeller domains, however, enhance binding to agrin to ~170% of the truncated LRP4 lacking these domains (4) . Accordingly, mutations in the 3rd -propeller domain in our patient are likely to compromise the enhancing effect conferred by the 3rd -propeller domain of LRP4.
SUBJECT AND METHODS
Patient
All human studies were in accord with and approved by the Institutional Review Boards of the Mayo Clinic and Nagoya University Graduate School of Medicine. The patient's father gave informed consent for the patient to participate in the study. Venous blood sample was obtained from the patient and his father and genomic DNA was isolated with the QIAamp Blood DNA kit (Qiagen) according to the manufacturer's recommendations.
Neuromuscular Junction Studies
Intercostal muscle specimens were obtained from the patient and from control subjects without muscle disease undergoing thoracic surgery. Cryosections were used to colocalize the acetylcholine receptor (AChR) and acetylcholine esterase (AChE) as described (35) . AChE was also visualized on teased, glutaraldehyde-fixed muscle fibers cytochemically (36) . EPs were localized for electron microscopy (37) and quantitatively analyzed (38) of the EPP (m) were measured as previously described (40, 41) . Single-channel patch-clamp recordings were performed as previously described (42, 43) .
Exome capture resequencing analysis
We enriched exonic fragments using the SureSelect human all exon v2 (Agilent Technologies) and sequenced 50 base pairs of each fragment in a single direction using ABI SOLiD4 system (Life Technologies). The sequencing fragments were mapped to the human genome hg19/GRCh37 using BioScope 1.4 (Life Technologies). SNVs/indels were called by Avadis NGS 1.3.1 (Agilent) using default parameters. We restricted our analysis to 34 candidate genes that were known to be essential for neuromuscular signal transmission: AChR clusters with the axis length less than 4 µm were excluded from the analysis.
Luciferase Assays
HEK293 cells were transfected with ATF2-Luc and phRL-TK along with the MUSK and LRP4 cDNAs. Cells were cultured for 24 hrs in presence or absence of agrin in the medium 13 in a 96-well plate. Cells were lysed with the passive lysis buffer (Promega) and assayed for the luciferase activity using the Dual luciferase system (Promega). Each experiment was done in triplicate. antibody. The membranes were washed three times for 10 min with TBS-T and incubated with secondary goat anti-mouse IgG antibody conjugated to horseradish peroxidase (HRP)
Biotinylation of LRP4 on Plasma Membrane and Western Blotting
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(1:6000, LNA931V/AG, GE Healthcare) for 1 hr at room temperature. The blots were detected with Amersham ECL Western blotting detection reagents (GE Healthcare) and quantified with the ImageJ program.
Preparation of Agrin-MycAP, MuSKect-MycAP, and LRP4ecd-Flag Proteins
Agrin-mycAP and MuSKect-mycAP in the conditioned media of transfected HEK293 cells were concentrated ~100-fold using Amicon Ultra-4 filters (Millipore). For the cell-surface binding assay, we used the concentrated conditioned media. For the plate-binding assay, we further purified agrin-mycAP and MuSKect-mycAP using the c-myc-Tagged Protein Mild Purification Kit ver. 2 (MBL). Wild-type and mutant hLRP4ecd-Flag proteins were purified with the Anti-DYKDDDDK-tag Antibody Beads (Wako) from the conditioned medium of the transfected HEK293. Purified MuSKect-mycAP and hLRP4ecd-Flag were detected by antimyc antibody (9E10, Abcam) or anti-Flag antibody (M2, Sigma-Aldrich), respectively. We also measured concentrations of each protein by SDS-PAGE followed by protein staining with SYBRO Ruby Protein Gel Stain (Molecular Probes) using BSA as a standard.
Cell Surface Binding and Plate-Binding Assays
For the cell-surface binding assay, COS cells were transfected with LRP4 using FuGENE 6 (Roche). Cells were incubated 24 hrs with concentrated conditioned medium containing Myotubes are transfected with EGFP cDNA, shLRP4, and the indicated LRP4 cDNA using electroporation. AChR is visualized with Alexa594-conjugated -bungarotoxin at 12 hrs after adding 10 ng/ml agrin. Right panels: Morphometric analysis showing that wild-type (WT) LRP4, but not EK and RH mutants, rescues the number and the length of AChR clusters in Lrp4-downregulated C2C12 myotubes. LRP4 has no effect on myotube length. 
